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ABSTRACT
The effects of thermal cycling of UO,, at high temperatures has been
experimentally evaluated to determine the rates of distortion of UO^/clad
fuel elements. Two capsules were tested in the 1500°C range, one with a
50°C thermal cycle, the other with a 100°C thermal cycle. It was observed
that eight hours at the lower cycle temperature produced sufficient UO?
redistribution to cause clad distortion. The amount of distortion produced
by the 100°C cycle was less than double that produced by the 50°C, indicating
smaller thermal cycles would result in clad distortion. An incubation period
was observed to occur before the onset of distortion with cycling similar to
fuel swelling observed in-pile at these temperatures.
JPL, Technical Memorandum 33-622
I. INTRODUCTION
The swelling of uranium dioxide fuel elements in pile at high
temperatures can be produced, not only by fission product generation, but
also by thermal ratcheting. The thermal ratcheting deformation mechanism
consists of small temperature gradient thermal cycles. Fuel redeposition
occurs at the lower temperature, followed by a small temperature increase.
Stress and accompanying deformation are the result of thermal expansion
coefficient mismatches. An understanding of stress and deformation behav-
ior of the fuel emitter composite is necessary at temperatures of about one-
half the melting point of the materials since at these temperatures rapid
relaxation of thermal stresses and significant creep rates occur, even for
stress levels at the 100-N/cm range. Because of the relatively high tem-
peratures involved, the most significant mode of deformation is creep.
Thermal and stress analyses have been performed to evaluate time-
dependent stress and deformation behavior (Ref . 1). Radial, axial, azimuthal,
and principal stress distributions were computed, along with deformations.
The method used was an adaptation of a finite element, viscoelastic method,
applying numerical techniques for computer solution. Thermal analysis was
performed with the aid of the computer program TACTIC (Ref. 2), which is
a general-purpose, two-dimensional heat transfer program. An accompany-
ing elastic stress analysis was done with the program called HULA (Ref . 3),
which computed thermal and mechanical stresses for axisymmetric thin
shells of various configurations. The effects of fission product swelling were
also calculated by assuming a linear swelling behavior of 0. 15 AV /V per
"5 f\ *2
10 F/cm , which was independent of temperature . Power density was
assumed to be 70 W/cm .
The results of these high-temperature thermal cycling analyses and
fuel swelling analyses indicated that the clad provided almost no restraint in
the temperature cycle case, whereas in the fuel swelling case, fuel was
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forced to deform to accommodate large fuel volume changes. This was
explained by the difference in stress levels (caused by the difference in
deformation rate), and the different creep behavior of the UO2 and tungsten.
In the thermal cycle problem, the temperature increase was assumed to be .
imposed rapidly and the stress levels were initially quite high—
10, 000 N/cm2 (15, 000 psi) in the tungsten, +2000 to -5000 N/cm2 (+3000 to
-7500 psi) in the fuel. In the fuel swelling, the rate of strain in the fuel was
very low, and with stress relaxation taking place, the stress levels remained
low. Levels were typically about 70 N/cm2 (100 psi) in the tungsten, and an
average of about -35 N/cm (-50 psi) in the fuel.
The experimental evaluation of the fuel behavior under thermal ratchet-
ing conditions was undertaken, not only to evaluate the accuracy of the calcu-
lated thermal ratcheting behavior, but also to evaluate the redistribution
time for uranium dioxide needed to produce thermal ratcheting, and to obtain
indications of the effects of changes in thermal cycle temperatures on
behavior.
II. TEST METHODS
A schematic of the test capsule is shown in Fig. 1. The outer test cap-
sule used in the experiment was 3. 18-cm (1-1 /4-in. ) diameter, 0. 10-cm
(0. 040-in. ) wall X 6. 3 5-cm (2-1 /2-in. ) length of tungsten vapor-deposited
by the fluoride process. The inner capsule for electron bombardment sur-
face was also vapor-deposited tungsten 0. 95-cm (3/8-in. ) diameter
X 5. 72 -cm (2-1 /4-in. ) length. The UO9 was cold-pressed -without a binder
LJ
and vacuum-sintered at 1800°C for eight hours. The disks of UO_ were
approximately 0.48 cm (3/16 in. ) thick, after sintering. The capsule was
sealed by electron beam welding at approximately 1 X 1 0 torr (approxi-
mately 10"3 N/m ).
Test capsule temperature and thermal gradient were controlled by a
combination of electron bombardment power at the centerline of the test
capsule, and external buffer heater power. The electron bombardment
heater, insulator, heater support, and test capsule are shown in Fig. 2.
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Calculation of temperatures using the HEATING II computer program
indicated maximum centerline tungsten crucible temperatures to be approxi-
mately 2000°C, with surface temperatures of 1600°C.
III. TEST RESULTS
Two capsules were cycled: one with 100°C AT; the other with a
50°C AT. Results of diametral measurements, after intervals of five cycles
with varying times, are shown in Tables 1 through 4.
Capsule 1 was cycled through a 100°C AT. The initial data taken on
this capsule is shown in Table 1. This initial data, taken using a cycle of
12 hours hot/60 hours cold, indicated a slight increase in the rate of diamet-
ral growth with cycling, suggesting an incubation period for redistribution of
the U02.
The test cycle times were changed after a total of 15 thermal cycles to
8 hours hot/16 hours cold. An additional 15 cycles at these conditions pro-
duced a relatively constant rate of diametral growth (Table 2), which was
only slightly less than the" average rate produced by the initial slower cycling
rate.
After a total of 30 cycles, the cycle times were again reduced to allow
only 8 hours at the lower temperature for UO^ redistribution. These results
(Table 3) indicate that the rate of diametral growth is unchanged. The AT
remained at 100°C for all of these tests; however, the absolute temperatures
decreased 50°C for the last series of thermal cycles.
Testing was discontinued at this point, since the capsule had distorted
sufficiently to make diametral measurements inaccurate. The final profile
of the capsule, with deformation exaggerated by a factor of 10, after a total
of 40 cycles is shown in Fig. 3. A radiograph of the capsule after test is
shown in Fig. 4. Redistribution of the UO-, is not complete since portions of
the UO_ disks remain, particularly in the cooler top half of the capsule.
Capsule 2 was tested using a 50°C AT with the 8-hour hot/1 6-hour cold
test cycle. These results (Table 4) show more clearly the incubation.period
needed to produce capsule distortion. The rate of distortion of this capsule
was somewhat less than the first capsule with the 100°C AT, but not half as
much.
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IV. DISCUSSION
A computational evaluation of thermal ratcheting of the UO2/tungsten
capsule was based on creep rates of UO_ and tungsten, shown in Fig. 5.
The capsule was assumed to be 2. 79-cm (1.1 -in. ) diameter, with a 0. 10-cm
(0. 040-in. ) -wall. The UO? was assumed to be fully redistributed against the
tungsten at an average capsule temperature of l650°C. A 50° temperature
rise was calculated to produce a maximum radial deformation of 0. 0076 mm
(0 .0003 in. ). At 1700°C, the stresses produced will rapidly relax. Approxi-
mately one-half hour was calculated necessary to allow stresses at the center
of the capsule to decrease to negligible levels, while stresses at lower tem-
perature areas and end cap areas decreased to negligible levels in less than
four hours.
The test capsule operated with a 50°C AT cycle, but at slightly lower
temperatures than assumed in the above calculation, produced a 0. 0076-mm
(0. 0003 -in. ) radial deformation (0. 015 mm (0. 0006 in. ) diametral) per
cycle, after an incubation period. This deformation occurred near the
center of the capsule, away from the end caps which restrained the
diametral deformation. The high-temperature time was eight hours, which
appeared sufficient to allow essentially full stress relaxation, even with the
lower temperatures used in the experiment.
Comparison of the 50°C AT cycle data in Table 4 with the 100°C AT
cycle data in Table 1 would suggest that the incubation period (period for
sufficient UO? redistribution to occur to produce deformation) is test time-
dependent rather than cycle-dependent. This is based on the reduced incu-
bation period in the 100°C cycle test, -where an initial test cycle of 12 hours
hot/60 hours cold (total test time of 360 hours for 5 cycles) was used as
compared to the 50°C cycle tests where the initial cycle was 8 hours hot/16
hours cold (total test time of 120 hours for 5 cycles). The data from the
100°C cycle tests indicate the incubation period to be less than 360 hours,
when the first measurement -was taken, which indicated deformation while
the 50°C cycle test results indicate an incubation period of 240 hours (10
cycles) before significant deformation occurred. In terms of reactor fuel
element lifetimes, these incubation periods are negligible.
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Similar incubation periods are present in UO9-fueled in-pile thermionic
L*
converter tests run at Gulf General Atomic. The swelling of the emitter clad
as measured by neutron radiography is plotted in Fig. 5. The incubation
period varies from negligible to approximately 4000 hours. The variation
occurred in two emitters in the same 2-cell device (2E2), which were sup-
posedly identical in construction, symetrically placed within the reactor core,
and underwent the same thermal cycles.
A more significant result of these tests is the effect of AT on deforma-
tion. The 50°C AT cycle produced a 0. 015-mm (0. 0006-in. ) diametral defor-
mation per cycle, as compared to approximately 0. 020 mm (0. 0008 in. )/
cycle for the 100°C AT cycle. This nonlinear behavior suggests that small
temperature fluctuations, less than 50°C, could result in significant deforma-
tion of the fuel elements.
In addition to the total AT, rate of change of temperature will play a
significant role in deformation. The test cycle used in these tests, i. e. , the
step change, is the most detrimental. A rapid temperature change results in
high stress levels. As can be seen from Fig. 6, creep rates for UO_ fuel
and tungsten clad at high stress levels become similar, while at low stress
levels, produced by slow temperature changes, the creep rate of the UO?
fuel is much more rapid than that for tungsten, allowing stress relaxation via
fuel deformation, rather than clad deformation which results in external,
dimensional changes.
V. CONCLUSIONS
The postulated thermal ratcheting mechanism in UO9 under thermal
L*
gradient conditions has been experimentally verified. The magnitude of the
deformation is generally in agreement with calculated deformations based on
viscoelastic behavior of tungsten and UO7.
Deformation does not appear to be a linear function of the magnitude of
the thermal cycle, since a 100°C AT cycle produced only slightly more defor-
mation than a 50°C AT cycle. While this nonlinear behavior may be due to
heating rate effects, its major significance lies in the possibility that
repeated temperature changes of less than 50°C can produce significant fuel
element distortion.
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EB FILAMENT
VACUUM
CHAMBER
VACUUM GAUGE
(CHAMBER PRESSURE)
U02 AFTER
REDISTRIBUTION
TUNGSTEN TEST
CAPSULE 3.18-cm
(1 1/4-in.) DIAMETER
x 6.35-cm (2 1/2-in.)
LENGTH
L
Fig. 1. UO? thermal cycling test setup
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Fig. 2. Test capsule 1 after test
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Fig. 3. Test capsule distortion after 40 cycles
(exaggerated scale)
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Fig. 4. Radiograph of test capsule after 40 cycles
(0° and 90° views)
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Fig. 5. Swelling of UO? -fueled thermionic converters during in-pile tests
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Fig. 6. UO7 and tungsten creep rates
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used in calculations
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